ABSTRACT: Dicranochaete is a green coccoid alga with a spiny cap and a long branched seta that was described more than 100 yr ago from field samples. Although Dicranochaete has been repeatedly reported to be found on Sphagnum 'leaves' in peat bogs, our knowledge about its development is still fragmentary, and its phylogenetic affiliation remained controversial. To advance knowledge about this lesser-known alga, I used two Dicranochaete strains, grew them in a medium that mimics chemical properties of peat bogs and studied their life history and development. Furthermore, phylogenetic analyses using rDNA sequence comparisons were performed. My studies resulted in the following key observations: (1) Dicranochaete possesses a unique development that together with its characteristic morphology likely represents adaptations to the specific environment of peat bogs: the spiny cap, especially in early stages of algal development, presumably serves as a defence against predators. The seta provides an additional surface area to aid the uptake of nutrients, in particular phosphate. (2) Phylogenetic analyses identified Dicranochaete as a member of the Chaetopeltidales (Chlorophyceae). Moreover, a new species of Dicranochaete, Dicranochaete variabilis sp. nov., was erected, and the genus Dicranochaete Hieronymus (1890) was emended. In conclusion, this study provides new insights into the life history, developmental processes and phylogenetic position of Dicranochaete and provides insights into adaptation of epiphyllous microalgae to nutrient-poor environments (i.e. peat bogs).
INTRODUCTION
Organisms cultured (grown) in the laboratory are only a small fraction of the total diversity that exists in nature. Among cultured organisms are plants, animals as well as bacteria, but the majority is probably accounted for by protists, including microalgae. Algal cultures yield important information about evolutionary, genetic, structural and functional diversity (e.g. Hochbaum et al. 2014; Wickett et al. 2014; Becker et al. 2015; Delaux et al. 2015; Li et al. 2015) . In addition, they also serve as a valuable source for investigating ecological and adaptive capabilities as well as species diversity (e.g. Hoef-Emden & Melkonian 2003; Marin et al. 2003; Fučíkova´et al. 2013; Sˇkaloud & Rindi 2013; Caisova´et al. 2015) .
There are several advantages of using cultures in taxonomy, such as homogeneous genetic material, clarification of life history traits and the possibility to restudy the same material on a later occasion using other methods and to study the effects of the environment on morphological traits. Although many taxonomic descriptions of microalgae today are based on studies of cultured material, most microalgal taxa have been described from field samples mostly during the 19th century, as can be clearly demonstrated, for example, with Dicranochaete (Hieronymus 1890).
Dicranochaete is a coccoid green alga described only from field samples and is characterised by two main structural features: a spiny cap and a seta. Although Dicranochaete has been repeatedly reported to be found on Sphagnum leaves (or other aquatic plants) collected from various peat bogs, its phylogenetic affiliation remains unclear and our knowledge about its development is still fragmentary. Now, two culture strains of Dicranochaete are available, thereby providing the opportunity to advance knowledge about this little-known alga. Therefore, the aim of the present study was (1) to add new insights into the life history, developmental processes and possible adaptations of Dicranochaete to the specific environment of peat bogs and (2) to shed light on the controversial phylogenetic placement of this alga.
MATERIAL AND METHODS

Cultures
Two strains of Dicranochaete were used in this study, namely, D. reniformis SAG 51.90 [Culture Collection of Algae at the University of Goettingen (SAG), Germany] and a strain isolated from an enrichment culture (half-strength SFM medium pH 6) of a sample collected from a peat bog in Dahlem Heidekopf, Eifel, Germany, in 2014 (GPS: 50822 0 59 00 N, 06833 0 54 00 E; pH 5.5, 568 m.a.s.l., conductivity: 165 ls/cm). Dicranochaete appeared in the enriched sample approximately 2 mo after inoculation.The newly isolated strain of Dicranochaete (culture strain CCAC 5315B) is available through the Culture Collection of Algae at the University of Cologne (CCAC), Germany (CCAC 2015) .
Growth of algae
Strains were maintained in a half-strength SFM medium (½ SFM) with pH 6 and conductivity of 102 ls/cm. This culture medium was chosen because it mimics the physicochemical properties (low conductivity, low nutrient concentration and low pH) of peat bogs from which both cultures originated.
The original recipe of SFM medium can be found at CCAC (2015) . General culture conditions were a temperature of 238C, a 14:10 light:dark cycle and an illumination of 15-25 lmol m À2 s À1 photon flux rate with fluorescent lamps. For microscopical analyses, algae were grown on coverslips and microscope slides. For phylogenetic analyses, algae were grown in 1.5-ml microcentrifuge tubes. This strategy was chosen because Dicranochaete grows firmly attached to the substrate and can hardly be removed without damaging the cells. Cultivation was based on zoospore induction and subsequent transfer of the zoospore suspension either into microcentrifuge tubes or onto coverslips/microscope slides placed in empty plastic Petri dishes. After zoospore settlement, tubes/dishes were filled with fresh culture medium, and cultivation was carried out under conditions described above. Zoospores were induced by growing the algae in small plastic Petri dishes (½ SFM) for 2-3 wk, replacing 3/4 'old' culture medium with fresh medium, and incubating for 24 h at 238C with a 15-25 lmol m À2 s À1 photon flux rate.
Microscopic analyses
Light microscopy was performed with inverted cell culture microscopes (CK40 and CKX41, Olympus, Tokyo, Japan; IM and IM35, Zeiss, Hamburg, Germany; and BZ-8000, Biozero, Keyence, Osaka, Japan). For life history observations, zoospore suspensions were applied to special aluminium microscope slide chambers with a cover-glass bottom (Reize & Melkonian 1989) and covered with culture medium. Medium was exchanged daily. Germlings from individual zoospores were continuously monitored over 8 d.
Alcian blue 8GX (10-mg/ml final concentration; SigmaAldrich, Seelze, Germany) in 1% acetic acid solution was used to stain polysaccharide-rich molecules to visualise ruptures(holes) in cell walls after zoospore release.
Fluorescence microscopical observations were made with a Nikon Eclipse E800 light microscope (Nikon, Tokyo, Japan) with a UV-2E/C* epifluorescence filter (excitation 340-380, dichroic 400, emission 435-485) and with a G-2E/C* (TRITC) epifluorescence filter (excitation 540/25, dichroic 565, emission 605/55). DAPI (4 0 ,6-diamidino-2-phenylindole; 2 lg/ml final concentration; Sigma-Aldrich) was used for nuclear staining. Calcofluor white (M2R, 1 g l
À1
; Evans blue, 0.5 g l
; SigmaAldrich; protocol of the manufacturer) was used to stain cell wall material in the spiny cap and the seta. FM 4-64 dye phenyl) hexatrienyl) pyridinium dibromide); 0.01 lg/ml final concentration; Thermo Fisher Scientific, Oberhausen, Germany] was used to selectively visualize plasma membranes in cells, including the setae.
Scanning electron microscopy (SEM) was employed to monitor the development of a cell. Fixation was simultaneous (saturated HgCl 2 and 2% OsO 4 in ½ SFM at room temperature), following the protocol of Caisova´et al. (2015) . Samples were processed as described in Caisova´et al. (2015) .
Nutrition experiment
The experiment was conducted in ½ SFM medium with five different phosphate concentrations (0, 0.0025, 0.0066, 0.075 and 0.15 mM). Phosphate was selected because it often represents a limiting nutrient in peat bogs (Bridgham et al. 1996) . The levels of other nutrients were maintained according to the original recipe. Phosphate concentration was increased and decreased by exchanging the phosphate salt (K 2 HPO 4 3 3H 2 O) with an appropriate amount of KCl to adjust for K þ ion concentration. Medium that lacked phosphate entirely was prepared by substituting KCl for K 2 HPO 4 3 3H 2 O. Modified media recipes are available in Table S1 . In this experiment, zoospore suspensions were applied to l-Dish 35-mm-high glass-bottom Petri dishes (IBIDI GmbH, Planegg, Germany). Following zoospore settlement, the culture medium [½ SFM with the original phosphate concentration (0.0066 mM)] was removed from each Petri dish and replaced with ½ SFM medium with modified phosphate concentrations. Morphological observations were made 1.5 wk after inoculation. Before evaluation, the cover glass was placed on the bottom of each Petri dish. This caused flattening of the setae and allowed for more precise measurements. The total surface area of a seta [¼ sum of the surface areas of the individual segments (cylinders) before and after branching of the seta] and the surface area of the cell body (assumed to be spherical) was calculated. Wave-like structures on the surface of the seta were disregarded. Data were analyzed using twoway analysis of variance and Tukey's honestly significant difference (HSD) tests in Statistica 12.
Phylogenetic analyses
DNA was isolated using the E.Z.N.A. Plant DNA Kit (Omega, Norcross, Georgia USA). The 18S-ITS1-5.8S-ITS2-partial 28S rDNA region (~3700 nucleotides) was amplified using the primers (EAF3 forward þ ITS055 reverse and 18S 1380 forward þ28S 1495 reverse) and the protocol of Marin et al. (2003) . PCR products were precipitated with isopropanol and washed with 80% ethanol. This region was sequenced with primers published in Marin et al. (2003) and one new primer, 82A forward GTGAAACTGCGAATGGCTC. Sequencing reactions and sequencing were performed at Eurofins Genomics (Ebersberg, Germany).
The BLAST search (performed on 10 May 2015) revealed that the newly determined sequences belong to the Chlorophyceae, more specifically to the OCC clade (Oedogoniales þ Chaetopeltidales þ Chaetophorales) (National Center for Biotechnology Information 2015). I therefore prepared a data set combining these two new sequences and 43 publicly available sequences from representatives of the OCC clade and the Sphaeropleales -the next phylogenetically related group that was used to root a phylogenetic tree.
New sequences are available from the European Nucleotide Archive (2015) . The accession number for Dicranochaete variabilis sp. nov. is CCAC 5315B is LN913071, and that for Dicranochaete reniformis SAG 51.90 is LN913072.
Sequences were aligned manually according to the 18S, 5.8S and 28S rRNA secondary structure proposed by Gillespie et al. (2006) and the ITS2 consensus secondary structure model for green algae proposed by Caisova´et al. (2013) . The alignment is available online in supplementary data Alignment S1. The nucleotide sequence database was screened for environmental sequences as well; however, no matches were found for Dicranochaete. Regions of the rDNA that could not be aligned unambiguously were excluded [minimum and maximum number of nucleotides included into analyses was 1682 and 3484 (most of the taxa), respectively]. Data were analyzed using maximum likelihood (ML) with RAxML v0.93 (Stamatakis 2006) , maximum parsimony (MP) and neighbour joining (NJ) using PAUP* v4.0b10 (Swofford 2000) , and Bayesian methods using MrBayes v3.2.1 (Ronquist & Huelsenbeck 2003) . For ML and NJ analyses, the GTR þ I þ G evolutionary model was selected by the program Modeltest v3.0 (Posada 2008). For determining the best RAxML tree topology, 50 distinct ML trees were computed (each tree started from a distinct randomized MP starting tree). The support for nodes was calculated by bootstrapping with 1000 replicates using the ML þ thorough bootstrap analysis command. PAUP* was applied to calculate 1000 NJ and 1000 MP bootstrap replicates. MrBayes was set to two Markov chain Monte Carlo runs with one cold and three heated chains each, 10 million generations, GTR þ I þ G and the covarion option. Trees and parameters were sampled every 100 generations. Convergence of the two cold chains was assessed during the run by calculating the average standard deviation of split frequencies, and the value between simultaneous runs was 0.001537. The burn-in was determined using the 'sump' command with the relative burn-in switch off (relburnin ¼ no). The ML analysis was carried out on both an unpartitioned and a partitioned data set. In the case of the partitioned data set, four partitions (18S, 5.8S, ITS2 and 28S) were set up. Because the resulting tree topologies and the support values did not differ between the data sets, only a phylogeny resulting from the unpartitioned data set is presented in Fig. 45 . The phylogeny based on the partitioned data set is shown in supplementary data Fig. S1 . To reveal possible unique/nonhomoplasious molecular synapomorphies (NHS) of Dicranochaete, a synapomorphy search within the Viridiplantae was performed according to Marin et al. (2003) and Caisova´et al. (2013) . Subsequently, NHS revealed in this data set were subjected to the BLAST search algorithm to verify their nonhomoplasious nature within Viridiplantae. NHS were mapped on the secondary structure of SSU rRNA of Arabidopsis thaliana AC006837, used as a 'reference' structure (The Comparative RNA Web Site 2015) and numbered according to De Rijk et al. (1994) , Wuyts et al. (2000) , and Gillespie et al. (2006) shown in brackets.
RESULTS
General morphology
Dicranochaete is a single-celled alga, characterised by a spiny cap and a seta. Its cell body grows firmly attached to the substrate and can be divided into two parts -the anterior part and the posterior part (Fig. 1) . Whereas the anterior part (here defined by the spiny cap) is relatively small, the posterior part forms a substantial portion of the cell body. The latter gives rise to the seta and is surrounded by a distinct layer of mucilage (Figs 2-4) , which, especially in older cells, consists of several layers. The cell size varies from 8 to 26 lm in diameter in strain SAG 51.90 and from 5 to 20 lm in diameter in strain CCAC 5315B (n ¼ 100 cells for each strain). Each cell has a single nucleus, a parietal chloroplast with one or rarely two distinct pyrenoids and two contractile vacuoles located close to the groove (¼ an incision of the cell surface in the posterior part of the cell) (Figs 5-7). Note that before reproduction, the number of contractile vacuoles increases up to six. Because morphology (except for one character visible at the SEM level; see below) and development did not differ between the strains investigated, all figures presented in this article refer to the SAG 51.90 strain if not otherwise indicated.
Life history and development
There is no vegetative division prior to reproduction. Reproduction, as far as was observed, is entirely asexual by means of zoospores with four flagella of equal length (Fig. 8) . The number of zoospores formed per cell is of the power of two (minimum and maximum number of zoospores observed per cell were 8 and 64, respectively). Figs 9-11 illustrate zoospore release. The zoospores are liberated from the parental cell by a rupture in the posterior part (opposite to the position of the seta). They are enclosed in a vesicle that later dissolves (this process takes from a few seconds up to 1 min), and zoospores hatch out. The zoospores are oval to nearly spherical. Each zoospore has one nucleus and a chloroplast with one or rarely two pyrenoids and one eyespot. The zoospores show rapid movement with different modes of swimming. When hatching out of the vesicle, they swim forwards (¼ flagella first). Then they stop and swim backwards (during most of their swimming period). Finally, the zoospores turn again and, before settling, 'walk' on the substrate with their flagella. This behavior might relate to the specific mode of growth of Dicranochaete, which requires a certain space (without epiphytes) in its near surrounding (see below). After settling, the zoospore retracts its flagella and at the same time secretes the spiny cap on the side exposed to the environment (Figs 12-15) . The young germlings might be irregular (amoeboid) in shape. Subsequently, the posterior part of the cell develops . This involves (1) seta formation and (2) the synthesis of fibrillar material around the cell's periphery, its subsequent retraction and movement up towards the direction of the spiny cap. Algal growth is also associated with movement (rearrangement) of the nucleus and pyrenoid. In young cells, the nucleus and the pyrenoid are positioned asymmetrically [the nucleus is located on the left side and the pyrenoid on the right side of the cell with respect to the seta -seen from the top (anterior pole, defined by the spiny cap)] and lie approximately in one focal plane. In older cells, both move to the cell center and are in different planes. Whereas the pyrenoid lies almost in the anterior part, the nucleus is in the posterior part near the bottom of the cell. Changes in the position of the nucleus and pyrenoid during development are shown in Figs 21-24 and supplementary data Fig. S2 , respectively. Moreover, a schematic drawing of the life cycle of Dicranochaete is provided in Fig. 25 .
Nature of the spiny cap and the seta
The spiny cap is formed during an early stage of development of the vegetative cell; see above. Its size corresponds to the size of the young germlings (SAG 51.90: 8-11.5 lm; CCAC 5315B: 5-8 lm in diameter; n ¼ 15) and does not increase during growth. The spines are hollow and arranged in two regular concentric circles (Fig. 26) , and they can degrade with age of the cell. The spiny cap is Calcofluor white positive, indicating the presence of either cellulose or chitin as cell wall material (Figs 27, 28) .
The seta is a dichotomously branched hollow tubular structure, broadest at its base and tapering towards the end (Fig. 29) . Serial optical cross sections through the seta are shown in Figs 30-37. The seta originates approximately at the flagellar pole (Figs 30, 31) , lies in the groove and penetrates the mucilage in different positions of the posterior part of the cell (Figs 32-37) . Whereas, in strain SAG 51.90, the seta exits the groove directly below the spiny cap (Fig. 38) , and in strain CCAC 5315B, the seta can exit the groove at various positions (e.g. Figs 39, 40) , including the area directly below the spiny cap (not shown). Especially in older cells, the setae possess wave-like structures on their surfaces (Fig. 40, empty arrow) . In the light microscope, the seta begins to appear at the second day after zoospore attachment (see development of individual cells in supplementary data Fig. S2 ). The seta, similar to the spiny cap, comprises Calcofluor white-positive cell wall material 41) and is lined over most of its length by the plasma membrane (Figs 42, 43) . The majority of cells
Figs 9-11. Zoospore release, phase contrast microphotographs. Fig. 9 . Rupture in the posterior part of the cell, black arrow. Fig. 10 . Rupture is opposite to the seta, black arrow. bear one seta, and occasionally cells with two setae were observed. Seta production seems to be correlated with nutrient availability, such as phosphate. Fig. 44 illustrates this correlation, showing that the surface area of the seta significantly increased with decreasing concentration of phosphate in the medium and vice versa.
Phylogenetic position
The phylogenetic position of the two Dicranochaete strains is illustrated in Fig. 45 . Phylogenies using the partial nuclearencoded rRNA operon placed Dicranochaete into the Chaetopeltidales. Within this order, Dicranochaete was resolved as a sister lineage of all other sequenced Chaeto- reniformis Hieronymus in the number of flagella per zoospore (quadriflagellate vs biflagellate zoospores in the original description) and in the size of the cell (up to 26 lm vs up to 35 lm in diameter in the original description), and (2) strain CCAC 5315B, which cannot be, on the basis of a comparison of morphological characters, assigned to any of the four species and is thus described here as the new species Dicranochaete variabilis sp. nov. A complete summary of morphological differences that distinguish the new species from the other species of Dicranochaete is provided in supplementary data Table S2 . Furthermore, the description of the genus Dicranochaete is emended to include information on asexual reproduction by quadriflagellate zoospores and contractile vacuoles and on a nonhomoplasious molecular synapomorphy.
Dicranochaete Hieronymus 1890, Cohn's Beiträge zur Biologie der Pflanzen 5: pp. 369-370 emend.
EMENDED DIAGNOSIS: Cells solitary, coccoid, growing almost exclusively in peat bogs, firmly attached to the substratum: usually to the Sphagnum leaves (or other aquatic mosses and plants). Cells divided into two parts -the anterior part (defined by the cap usually with spines) and the posterior part. The posterior part is surrounded by mucilage. In older cells, mucilage can form layered sheaths. Cells bear one to four setae. They lie in the grooves and exit the cell in their posterior parts. Cells uninucleate. Chloroplast single, one to two pyrenoids (the absence of pyrenoid is reported in one species). Contractile vacuoles (usually two) present. Asexual reproduction by bi-and quadriflagellate zoospores. Sexual reproduction not observed in culture, but biflagellate gametes and quadriflagellate planozygotes are reported from field material. As a nonhomoplasious molecular synapomorphy, the sixth pair of Helix 49 (H1399) in the nuclearencoded 18S rRNA is C 3 A instead of C-G (unique within Chlorophyta with the exception of Marsupiomonas). ETYMOLOGY: the species is named after the variable positions where the seta exits the groove (cell).
AUTHENTIC STRAINS: CCAC 5315B.
DISCUSSION
Here I report on Dicranochaete, a lesser-known green coccoid alga described from field samples. This alga grows almost exclusively in peat bogs (Hieronymus 1890; West 1912; Nova´kova´& Popovský 1972; Punčocha´řova´1981; Matuła 2005) , only one record from a small pond with a non-peat land flora is known (Hodgetts 1916) and it possesses a characteristic morphology that is likely related to the high predation risk and the low nutrient availability of this environment.
To gain insights into possible adaptive capabilities of the alga, I used two unialgal Dicranochaete cultures, grew them in a culture medium that mimics some physicochemical properties of peat bogs and studied their life history and development. As a result, I found that Dicranochaete possesses surprising capabilities to adapt to its environment: (1) It has several attributes that likely present adaptations against predation. It is firmly attached to the substratum by a large area of its body (Fig. 1) . The surface of the cell exposed to the aqueous environment is protected by mucilage (Figs 2-4) and by the spiny cap ( Figs 15-20) ; the latter, especially in early stages of cell development, possibly deters grazers. (2) It has an ability (a mechanism) to cope with low nutrient concentrations in peat bogs. Dicranochaete cells are most of the time stationary (except the zoospore ¼ flagellate stage), and this prevents them from moving to places with higher nutrient concentrations. My observation suggests that the alga overcame this problem by evolving the seta: the three-dimensional erect structure bounded by the plasma membrane (Fig. 43 ) and stabilized by cell wall-like material (Fig. 41) , which permits the cell to significantly increase its absorptive surface area. This hypothesis is also supported by data on the relationship between setae development and phosphate concentration in the culture medium ( Fig. 44) : the data clearly show that in a phosphatedeficient medium (0 mM), the cells have 11 times more surface area on the seta than on the cell body. In contrast, in phosphate-rich medium (0.15 mM), the surface areas of the seta and the cell body are almost the same. Indeed, the development of a high surface-to-volume ratio to improve food/nutrient acquisition is a well-known phenomenon in many different organisms. For example, tentacles of jellyfish are the result of increased surface area for the acquisition of food (Campbell et al. 2008; Morris et al. 2013) . Root hairs of plants provide a large surface area through which nutrients (and water) are passed into the plant body (Jungk 2001 , reviewed in Gilroy & Jones 2000 . Similarly, hair-like structures of algae are formed to boost the cell surface area for nutrition uptake in nitrogen-and phosphate-deficient environments (e.g. Tupa 1974; Yarish 1976; Johnstone 1978; Raven 1981; Gibson 1986) . However, although a considerably body of evidence supports the view that the main biological function of the seta is to aid the uptake of nutrients, the biological origin of this structure remains unclear. Several researchers have hypothesized that the seta in Dicranochaete has a pseudocilial (¼ pseudoflagellar) nature (e.g. Korshikov 1953 ; Van de Wiel & Reymond 1983) . In fact, their hypothesis could be supported by two observations: (1) the seta originates near the flagellar pole (present study), and (2) the maximum number of setae observed in Dicranochaete is four (Nova´kova´& Popovský 1972; Francke & Kooijman-Van Blokland 1985) , which is in accordance with the quadriflagellate zoospores recorded in this genus (present study). However, according to Wujek & Chelune (1975) , the seta and the pseudocilium clearly differ at the ultrastructural level. The pseudocilium possesses a basal body and associated microtubular elements; whereas, the seta does not (Wujek & Chelune 1975) . Because current ultrastructural data on the seta of Dicranochaete are insufficient to address this point, further research to resolve this question is necessary.
Finally, I address the taxonomic/phylogenetic placement of Dicranochaete, which has long been controversial, probably because it was solely based on light and electron microscopic observations of (almost entirely) field material. Dicranochaete was originally described as a member of the Chlorococcales (Hieronymus 1890), then regarded as a member of Chaetophorales (Fritsch 1948; Printz 1964) , the Tetrasporales (Korshikov 1953; Van de Wiel & Reymond 1983; Melkonian 1990) or the Chaetopeltidales (O' Kelly et al. 1994) . Here, I reinvestigated the taxonomic placement of Dicranochaete using the partial nuclear-encoded rRNA operon (including the 18S, 5.8S and partial 28S rDNA genes and the ITS2 region). My results clearly reveal Dicranochaete as a sister lineage of the Chaetopeltidaceae and thus established its phylogenetic placement in the Chaetopeltidales as suggested by O'Kelly et al. (1994) .
In summary, this study provides new insights into life history, developmental processes and phylogenetic placement of Dicranochaete and provides clues about potential algal responses (adaptations) to nutrient-poor peat bog environments. Furthermore, it highlights the importance of using cultures for understanding algal complexity, behavior and evolution.
